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RISE IN TEMPERATUREOF THE CHARGE IN ITS PASSAGE

THROUGH THE INLET VALVE AND FORT OF “

AN AIR-COOLEDAIRCRAFTENGINE CYLINDER

.ByJ. E. Fo~bes And Em So !laylor
— —-

SUMM~Y
—.

. .

The heat transferbetween the air stream and a model
of the inlet valve and seat of an air-cooledaircrafttype
cylinder (WrightJ-6) has been experimentallydp’tergined
as a functtonof air flow and valve.lif.t.Inlet valve “and
seat temperaturesand air consumption have been deter-
mined experimentallyin a single-cylinderengi~eunder ‘“-
operatingconditions. The inlet port of the flow model
was cut from a cylinderof the same design as the one op-
erated in this series of tests. Calculationsof the heat
transferredto the fresh charge from the inlet valve and
seat under actual operatingconditionsof the engine have
been made by use of data obtainedfrom experimentswith
the flow model. The effect of inlet valve and seat cool-
ing on volumetricefficiencyhas been determinedexperi-
mentally. -.

The over-alltemperaturerise of the chargeup to
the point of inlet-valveclosinghas been computed”from‘“_”
experimentson the engineunder normal o“~-eti-stingcondi-
tions. It was found that about 35 percent of this temper-
ature rise was due to heat transferredfrom the inlet
valve and.seat.
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.b

A general formulabased on thermodynamicanalysis is
derived for the over-alltemperaturerise of the charge
prior to the inlet valve closing. Applicationof this
analysis to light-springindicatordiagrams taken on thig .-”::““-”
engine shows that as much as.~percent of the total tern- .-

perature rise was.the result of”inlet-valveflow resist-
ance.
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INTRODUCTION“,

.~.–

In a pravious report (referenoe”l)tiherelativeim-
portance of inertiaand frictionin controllingthe quan-
tity of air flowing into an engine cylinder.w.as’investi-
gated with a view to explainingthe volumetricdefici-
ency, that is, the difference%,etweenthe”volumetricef-
ficiencyand unity. The results showed the pressuredrop
in the valve to be responsiblefor an extremelysmall
part and the rise in temperatureof the.char~ebefore iq-
let closing to be responsiblefor a relativelylarge part

—

of the volumetricdeficiency.

It is the purpose of the present investigationto
make.aquantitativestudy of the effects of heat transfer
and”pressuredrop in the inlet valve of an air-cooleden-
gine and to correlatethese effectswith the observedvol-
umetric deficiency..

APPARATUSAND PROCZIDURE

I?lowModel and Tests

In order to obtainheat-transferdata pertainingto
the flow of charge through the intakeport of the actual
engine, a se,ctioncomprlsin,gtheintakeport, seat, and
portion of the cylinderwas cut from a Wright J-6 cylinder.
(See fig. 1.) A jacket of sheet brass around this cut-
out sectionmade it possiblet-ocontrolthe temperature
of “theGe.at,port, and surroundingcylinderportionsby
the Introductionof water heated by steam.

A model hollow-stemvalve similarin design to that
employedin the engine&as used in this model. (See fig.
2.) This valve was made of high conductivitymaterial
(berylliumcopper) to insure that its surfacewas at
nearly uniform temperature. The temperatureof the valve
was controlledby regul,ating”the temperatureof water cir-
culatingin the hollow stem. The valve lift was con-
trolledby a micrometer.screw. Temperatures of the seat
and the valve were measuredby iron~congtantanthermo-

k’

couples.
c

By means of a Nash pump, nir was drawn successively
through an air-measuringorificeand thr~ugh the flow

,-1 ““ 1
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model. In order to reduce errore in measurementthe flow
model was insulatedfrom the inlet and the discharge
pipes by short sectionsof rubberhose. !I!hermometersa.t
the inlet and the outlet ends of the model allowedmeasure-
ment of the rise in the temperatureof the air due to heat
transferredfrom the model. A manometerindicatedthe
pressuredrop across t~e valve. ,-,-.+ ..—

Temperature-riseratios for varioue flow quantities
and valve lifts were obtainedon the flow model in the
followingmanner: For a given setting of valve lift and
air-flowrate, the temperaturesof the valve and eeat were “- .
equalizedby suitableregulationof the heating steam,and
water. When the valve-and-eeattemperaturehad attained
equilibrium,the inlet and the outlet temperaturesof the
air were noted. This procedurewas carried out at various
valve lifts and air quantities.

—. -.

The temperature-riseratio @a is defined ae the
ratio of the “dif”fer6nc%T6t”w-_Wi7h6’‘oWtT6~:E”l%”--&nd’*Ee““”“--— ‘“---
inlet-airtemperaturesto the differencebetween the
valve-and-seattemperature8.ndthe inlet-airtemperat”ui”e.

● Values of @a were plotted against air f~ow at various
valve lifts. (See fig. 3.) It is notable that these
curves of temperature-riseratio against air quantityfor

b valve lifts greater than about 0.1250 inch are pra-ctical- — ‘“-
ly coincident. The spread of points in figure 3 at the
higher air quantitiesis quite marked. -FOrtunately~it
was unnecessaryto uee this region of the curvee in t-he
calculationsfor the actual engine. —

A series of runs on the flow model was made in which
the drop in pressure across the valve at various constant

—

valve lifts was determinedas a functionof’fl”ow~u”ari~ify.
The valve, the valve seat, the port, and the flowing air
were at room temperaturethroughoutthese runs. A check
on the validity,ofihe assumptionthat the‘r-e-~atfonbe-
tween air flow and pressure drop was independentof port
and +alve temperaturewas carried out.for the highest “
flow-modeltemperatures,and the assumptionwas fouridto
be justified. Curves of the square of the air flow
against pressuredrop at various constantvalve lifts-are
given in figure 4. ..- .

ModifiedEngine and Tests —

The engine.us.~din this investig?3..lQ.Ya.s,.--.----...... - *..-,-. a godifi~d
Wright J-6 air-cooledcylinder of 5.00 inches bb-reand “’”

,.-..
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5.50 inches strokemounted on a universaltest crankoase.
The compressionratio was 5.1. A 6-volt ignitionsystem
with one spark plug was used.

alve modifications
(figs:

and 0001in~.- The modifications
2 and ,5)consistedof boring out the intake-valve

guide boss to take a standardexhaust-valveguide and the
installationof a valve-eeatinsertwith an annularpas-
sage for the circulationof coolingwater. Drilled pas-
sages led from the outsideof the oylinderto the oooling
passage around the seat.

Amodified hollow-stemexhaustvalve wa~ used as the
intake valve. The modification(fig. 2) oonsistedof ar-
ranging the valve stem with an inner tube and connections
so that water could be circulatedcontinuouslythrough
the interiorof the stem and the head. During engine op-
erationwater was introducedand removed from the valve
by rubber tubes (see figs. 2 and 5) attachedto the fix-
ture interposedbetw~en the end of the valve stem and the
valve-operating-plunger. A tightlyfitting rubber tube
extendingbetween the fixture and the valve stefnprevented
cooling-waterleakage at this jun”cti.on.By means of these
arrangementseither valve or seat or both could be cooled
in varyingdegrees.

Inlet S.vetem.- Air was suppliedto the engine by a
Hash pump, passing in turn througha standardair meter,
a aurge tank, a throttlevalve, a fuel-mixingorifioe,
and a vaporizingtank. ,,

Air was measuredby a l.lnoh-di~met-ersharp-edge
orific,e,designed in accordancewith the A.S.M.E.speci-
fications(reference2). The downstreamside of the or3.-
fice was oonnectedto the top of ~ 5(J-gallonsurge tank
by a short section of 3-inch pipe. Air from the surge
tank passed through a gate valve and a fuel-’mixingori-
fioe to a jacketedtank of 14’gellonscapacity. This
tank servedas a combinedvapor~zing,andauxiliarysurge
tank. The incomingair from t~e gate valve was mixed at
the fuel-mixingorificewith the.spray from a Bosoh fuel-
injeotlonpump. The”vaporizingtank was connectedto the
inlet port of the engineby means of a 3-foot lexigthOf
2-inch pipe, A thermometerwas lo~ated i-nthis--pipeabout““
1,5 feet from the inletport. The inl~t.temperatureat
this point was maintainedoonst~n’tby’’adjustingthe SUpplY
of steam and water to the jacket on the vaporizingt’ank.

v“

0
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.,

‘Pressure in the vaporizingtank was maintained’.con:
stant by adjustmentof bleed.valves on the”up-sTreamside-——
of the measuringorifice.

—
Exhaust system.-.A&rge tankof about 10 gallon’s

capacitywas connectedby a 1,5-footlength of 2-inch pipe
to the exhaustport ““ofthe engine and thence connectedto
the e“’xhaustmains by means of’a gate valve. This valve
enables the pressurein the tank to be maintainedat any
constantlevel. A Cambridgeexhaust-gasanalyzerand a
water manometerwere attached-tothis tank. :.

Engine instrurnents.-Engtne speed was controlledby a
combination.of a conventionaltachometera“nda stroboscopic
light running directly from the 60-cyclealternating-” -
current supply that illuminatedpainted strips on the fly-
wheel. This method of control is described in reference
3* A Spragueelectric.oradledynamometer was used, Pres-
sure against crank-angled,iagramswere obtainedfrom the
standard.M.I.T. balanced-pressureindicatorusing M.I.’I!.I!flappervalven and diaphragmpressureunits (references
1 and 4). .. .,

TemperatureMeasurements,...
Four holes were drilled through the valve head on a

circumferenceabout midway between those of the s8a-tand.
the stem’,and into these holes were brazed two’rod.sof
constantanand two of iron about 0.065 inch.indiameter
and 0.75 inch long. A detail of one of-theseconnections
is shown in figure 2. The interveningsteel of the valve
combinedwith any two dissim”ilerrods formed.a conventional
iron-constantanthermocouple. In order to make contact
with these rods, flexibleinsulatedleads”thatwould stand
Up und-r the valve mot-ion were required. After several
attemptshad been made to use slidingcontacts,po&itive-
contact flexibleleads were developed, These leads w6Fe
made by closelywinding No. 28 cotton-cove”rediron or con-
stantanwire on a 0.C55-inchdiameterm~,ndreland then
sliding tightly fitting insulatingspaghettitu”b~ngov”er
this COi~. After the spaghettitukingKad been fi”tted,
the mandrelwas yulled o~t. Since this Sheathedcoiled
conductorhad a tendency, if bent, to hinge at some parti-
cular point; a snugl;;fitting coiled spring of 0.014-inch-
diameter‘piano“wirewas made to-slip over the outside of
the spaghettitubing. This spring h9$ the property of”
distributingthe bending, and the close coilirigof the
thermocouplewire preventedlocalizedhigh stressesthere-
in, while at the same time the whole assemblywas reason-
ably flexible. .-

—.

-—-
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Owing to the fact that ~h6””3nt#rrlaldiamet”er’bfthis
flexiblelead was less than”that of a rod welded to the ‘
valve head, it was possibleto force it over the entire
length of the rod and then carry its free end to a similar
rod and weld“itthereon. This’method of securingthe
leads prevented”anyweakeningof the dbil from brazing
temperatures. The ends of these two leads Were brought
through conventiorialairtightpacking glands in the intake
port wall, leaving the piano-wirecoils under compression
alo~g the length of the spaghettitubin& between the valve
head and the packing glands.

Iron-constantanleHds from a thermocoupleembedded
in the valve seat were also brought out throughpacking
glands in the inlet port. A standardiron-oonstantan
spark-plug-gasketthermocouplewas used to indicatecyl-
indertemperature. “Cylinder,valve, and valve-seattem-
peratures‘weremeasured on a direct-readingpotentiometer.
All other temperatureswere measuredwith “meroury-in-glass
thermometers. The cylindertemperatureas indicatedby
the spark-plug-gasketthermocouplewas.controlled%y reg-
ulating the speed of a motor-drivencentrifugalblower
that forced air througha duct into the cylindercowling.

SYMBOLS

#

@ temperature-riseratio (ratioof difference
between outletworking fluid and inlet
working fluid temperatureto difference

., betweenvalve and seat temperatureand
inlet working fluid temperature)

Q quantityof heat, Btu ~

QT total heat, B,tu
,’

Qec heat transferredto chargeduring interval e
to “c

Hi enthalpyof fresh oharge”in inlet manifold
.1

H= enthalpyof freih”charge at point c at begin-
ning of comprees~onstroke after closing of
inlet valve ,.. ...

r.. ...

.
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HCf

Hcr

e

T

t

‘P

tv

t~

tV8

Alt

Aat

M

Mm

‘f

M=

w

~

enthalpy of fresh charge at p,oi,nt c
.

enthalpy of residualgas at pdfnt c

crank ang,le,degre”es .,
..

absolutetemperature(460+ ‘T)

temperature,‘F ...

cylinder--headtemperature,or

intake-valvetemperature,‘F -.

intake-valveseat temperature,‘F ,.

average temperatureof intake valve and seat, ‘F.s.-

t Ps - ti

weight of working fluid deliveredto cylinder,
pounds per stroke

weight of fresh mixture deliveredto cylinder,

“ [Ma~+~),where~-ispounds per stroke

fuel-airratio of mixture

.

-1
weight of air in fresh charge

weight of air originallyin residual gas %ef6re
burning .- ..

..

weight rate of flow of working fluid, pounds J,
per second

quantity of air discharged

(Whenw, q, and o are primed,
weightedvalues) . .

,.

through valve, pounds .

they refer to
. . .

‘P specificheat at constantpressure

—.
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e

n

ver

vCr

vCf

v=

‘1

ver

Vc

‘Cr

‘d

Ec

B=*

Er

Ecr

J

P=

Per

Pc

.
volumetricefficiency ‘“-;-‘“

engine speed, revel.uttonsper second“

specificvolume of residualgas at point
indicatorcexd

specificvolume of residualgas at point
indicatorcard

specificvolume of fresh charge at point
indioatorcard

specificvolume of charg”eat point c

clearancevolume

volume ocoupied’by residualgas at point
that ic3, VI

cylindervolume at %ottom center

e on

a ‘on

c on

e;

volume occupiedby residualgas at bottom center

piStOn displacement

internalenergy of charge at point c

internalenergy of fresh,charge at yoint c

internalenergy of residualgas at end of
exhaust stroke -,

i’nternslenergy of””resiciualgas at point o

mechani~alequ-iva:lent.ofheat ~~
..

pressure in’cylinderat end of exhauststroke

pressure of residualgas in cylinderat end of
exhaust str:ok-e’‘ .

pressure in oylindera-k‘noted“onindicator
card at point .Pc, .

;

●

-.



‘cr...Pressure Of.residu=%gas et,po,int c . I.- -....--.— .-,,. ..” ,.’ . .
P“”pressure,in cy,li.rider .,.:, .‘-” . . “, “’

—.
..

,f proportionof.res.idua~gas. ,.

k ratio of specificheats
.’ . .

i.“density ofworking fluid,pounds per c:bic foot““..-—
.

Pi density of fresh charge ininlet manifold- .,

Pc density of fresh charge a.tpoint c. _ing~linder
. . . ..-

Subscripts:
.,,. ...

1,

a fresh air .,
,.

m freshmixture ,,

f fresh charge .~.- _
. .—.

r residualgas -- --

c fresh charge et poiit a’ in cylinderbefore .
mixing (see figs. ?’(a),9(b)) .’

point’ e on indicator‘gards(figs:9..(a),.9(b)).“e

i inlet

These quantitiesfor which the thermodynamicproper-
ties of the working fluid are computed“are‘thesame~as
used in Hottel charts (refereQce5), that’is, 1 pound of
air. ..

I.. . . . .,
. .

RESULT,SAND DISCUSSION
.,

H~at Take”nUp by the Chs,b”gefrom”Seat__an~Valve,.
.-

If the temperature-riseratio,~etweenthe air k“trearn
and the inlet valve and seat-”o”fan e~gink cylinderbe
known as a function of valve”lift an”d,rateof flow,of
charge and, fui!th”ermore-,.i~ the valve.a”n”d””valve-seat

—.
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temperaturestogetherwith the “inlet’temperaturebe known,
it is possible to estimatethe quantityof heat per stroke
taken up by the charge from the seat and ‘thev“alve.

The stepe leading to the evaluationof this quantity
are 8.sfollowe.

The intake-valvelift was determinedas a function
of crank angle by means of a dial indicatorwhen the
engine.was‘cOld. The valve lift against crank-angle
ourve correctedfor the differencebetween the hot and
oold clearancesiq shown in.figure 6.

Under running conditionsa light-springindicator
diagram yields the relationshipbetween cylinderpressure
and crank angle. A secopd light-springindicatordiagram
of the intake-portpressureyields a relationship%etween
crank angle and intakepressure. From these two diagrams
a curve of valve-pressuredrop against orank angle can be
constructed. (See fig. 6.) Thq relationshipbetween
valve pressuredrop and rate of flow through the valve at
various lifts is known from the flow-modelexperiments on
an identicalvalve and port. (See Kig. 4.) Thus, the ap-
proximateinstantaneousrates of flow through the valve
under runningconditionscan be obtainedby assuming.that
the rate of flow in op~rattngis the same as the steady
rate of flow for a constantpressuredrop, Reference1
indicatesthat the magnitudeof the error introducedby
this assumptionis not large. It is now possibleto per-
form a step-%y-stepintegrationof the quantityof heat
taken up by the charge during all phases of the open-valve
period, as detailed in the followingparagraphs.

About some particularvalve lift, say 0,0625 Inch, a
small crank-angleintervalextendingon %oth sides of the
lift is chosen. For this cr~nk-.angleintervalan average
value of the correspondingvalve-pressuredrop can be ob-
tained fmm the valve-pressureagainst crank-augleourve.
Thle averagevalve-pressuredrop in turn yields an average
flow quantityfrom the f,low-q~antit~e.gainstvalve-pressure-
drop curve correspondingto”the 0.0625~inchlift curve.
The averageflow quantitythen yields an avarqgetenpera-
ture-ri.seratio from the corresponding0.0625-inchllft
ourves of flow quantityaga$nst temperature-risera’tiob
In appendixI it iS shown that.t,het.pmperature-riseratio
of the fresh charge:;e99.7 p.ercen$.that of,air, Values
of the temperature-riseratjo.”tsken,~romfigure 3 for use
in engine oalcplattokshave been corre.ctodby.thi?.amount.<

“’1

8

1
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t

●

●

The average temperature-riskka’t,io’for thinscrank-arigle
iritervaland the temperatures’of the,valve,* the seat,
and the charge at,the inlet %ein,gknow”n,an averag~ tem-
perature rise of the charge can %e as”eignkdtaLethiSinter-
val. Since in the engi”nethe valve an”d,sea-t-’-temeratureses

——.. .

were not the same (see tables 111 ahd IV), their arith-
metic mean was used in computations. Results obtainedby
the use of weighted ave”ragetemperaturesof the valve and
seat gave no”bet”tercorrelation“t”han-ihe r-esu~fsobtaified
from the arithmeticmean temperature. From the known en-
gine speed, the time correspondingto the crank interval
is calculable. The,product of the t-imeinterval,.the
average quantityrate, agd”the average temperaturerise,
when multipliedby the’specificheat,of the charge mixture,
yields the averageheat taken up by this fractionof the
charge.

Carryingthrough the foregoingprocess for-a_number
of steps includingthe entire period of valveiopqriingand
summing the result yields an approximationof the heat ““
transferto t-hecharge per inlet stroke. Table I gives
the results of such an integration. ●

The work involvedin integratingthe heat Q picked-
up from the valve and the seat is reduced to a comparative-
ly %rief calculationthrough the following simplification.

--

.

. ..-

For any particularrun the intake-airmeter provides
a measure of the charge taken in per stroke. The comple:f~e
open-valvetime intervalis providedby t%e‘~alve-l”ift
against crank-anglectirveand, if this intervalis divided
into the total charge per s.~roke,there r:sul~san average
rate of flow of charge into the cylinder. For this aver-
age rate a correspondingtemperature-riseratio can be
taken from the curve (fig. 3) representingthe h~gher-
lifts. This temperature-riseratio 01 when multiplied ‘“ “.
into the differencebetween the average seat and valve
temperatureand that of the inlet yields a value of the
average temperaturerise of the charg~ while flow~ng%Y
the seat and the valve, .4sbefore, multiplyifi~”tlie-cha=~e
per stroke into the product of this,avergge temperature
rise and the specificheat results in a measure of the heat
Q picked up by the charge in transit through the >ort into
the cylinder.

.--.

‘The valve used in the engine had a very low thermal conduc-
tivity, which made it impossibleto reduce the temperature
of the valve head at the point where the thermocouplewas at-
tached to the temperatureof the sest even thoughwater was
circulatedthrough the valve so rapidly that it came out cold. .
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The results,of lntegrating~eigh.t,di.fferen~runs Comn
pared with those obtained.bn”thesame’da”taby this sh,ort-
cut method show a m&ximumdivergenceOf onlY about G05
percent. (See table II;) All the value? Of Q, su%mltted
in this report (tableIII) are based on this short-cut
method of oalculatlon. ‘“ . ,.. . .,-

,.

He&t Taken Up”before”valve Opens:and

after’Charg”e~,nteraOylinder,.

The foregoingprocessdoes not &ccount for the heat
pioked up by thechar~e before‘thevalve opens or after
the charge enters the cylinder.

An estimateof the temperatureof the charge in the
cylinderbefore compression,and hence th~ total heat
transferto the charge, can be obtainedfrom the measured
air consumptionin the followingmanner?

The volumetricefficiencyof the engine is .d.efined
by

e ‘m=
&~ vd Pi

(1)

The weight rate of flow of charge Wm is determinedfrom
the intake-airmeter and the fuel-airratio. It ts meas-
ured in pounds per second. For.theair-fuel ratio used
in.this series of runs.(A/l?= 12.2)

‘Pi = 1,41 2 (2),. ‘i
.;.

The.inlet pressure Pi wae,measuredby.a m~nometer~t-
tached to’the surge tank. It is g“ive%i,ninches of mer-
cury. The inlet temperature Ti was measuredin the in-
let pipe about 1.5 feet fro”rnthe inlet port. Z.tis given
as .alsolutetemperature.

.
. ,.

. .. .
.. . .- - ‘.. -.“---

,,.”.

s“

,
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The inductidnprocess may be consideredto be divided
into two steps:

,, .

“’(a)‘Freshcharge flowing into the-cy”linderwithout
..-—.— —.

mixing or exchangingheat with the residualgas-
.,,.. .. -Reference 1 indicatesthat the magnttudeof the

erro,rintroducedby this assumptionis small..,!

(b)’ Mixing,ofresidual’and-”fre”shc%arge’, ‘::-.- --
The subeo’ri,pb c refers to the state ‘ofthe fresh

oharge after“theoompletiton of-the induqti.onand before
the mixing process- At this time the residualgas ,i.s
=ssumed tooccupy the olearancevolume. This assumption
is justifiedsi,ncethe pressure P= differs little from

the pressure at top c-enteron the exhaust stroke; c“onse”-
quently, there is little net expansionor.compresaienof
the residualgas. It follows that the volume ocoupiedby
fresh ch~’ifgeis the di”splaoementvolume;‘+: The deter-.-:
minatio”nof P ..3sdiscusse{,i:ng“reaterdetail in ‘a,laterc.
section. ,. .. -

Thswe”ightof charge deliveredto the enginep“er
....—

stroke“c-anbe ‘calculated‘from Wa, “themeasured rate of
air flow to the engijnein po,qndsper second, the air-fuel
ratio A/P, a-ridn, the ‘retiolutionsper second of the
engine..Accordingto s$q?,,(a)this value will also be
equal to (pc Vd). It follows then by definitionthat the
volumetricefficiencyis

. . .Pcvd= ~ .“”
e—

= Pi~& Pi
-, . .. .,: :.

(3)

,- Pc q
The ratio .Pc/Pi $ss by the,gas laws:.,equal.to,. ~. Tc,,
and ttierefore”

,... .,.”, “
,. Pc Ti

.,. - ,:-
,-.. ,e=— :(4). . ,P.iT= .’.’,..

,, .. .“..
.,. . . ,.,’ ...... .

b
-..=

Figure 7 shows the ‘vaktationo-fthe volumetricbffi-......-.—.-.

ciency kit-ha~”erage valve a“n-a--s”e”a’t”t“empe-ratul””e”titthe two
speeds.
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#

By means of equ~tio~~.,(1)and (+) it is possibletQ solve
for To, the temperatureof the total oharge just prior
to compression,since all the othervariablesare known

.

or can be calcu~ated. “

!I!hetotal ri8einiem~eraiure Of the‘charge T= - ‘Tl,
.

multipliedInto t“heproduct of weight of the charge and
, specificheat.of the oharge,measures.the over-allheat
~ picked up by the bharge in i.ts”passagefrom the inlet
until it arrivesin the cyli~derand.the”inletvalve
closes. The’relativecontributionof the valve and seat
to the over~al”lheat picked up by’.ihe.charge in its pas-
sage from the Intake manifolduntil it is compressedcan
be estimatedfrom the foregoing”quantity, Experimental
values of..QT togetherwith the fagtorsleadingto its
evaluationarq shown in table IV, .

Figure 8 shows the ratio of best t~ansferred,from
the inlet valve and seat td the over-allhes.tpicked up
by the chhrge ae a f~nationof the averagevalve-end-seat
temperature.

An.appreciablepart of the.total heat pickedup by
the charge during the suction stroke oan be attributedto
WOrk done In overcomingthe pressuredrop in the valve.
This quantitymay he estimatedas follows,..

The followingequationcan be derived’from the first
law’o.fthermodynamics,

‘This equationmay be ueed iirect~yto give the unknown
quantity Ec and hence the temperature Ta. In this

(5)

case, however,it is desirableto know what.contributions
to the temperature ECc are made by heat transfer,by the
work done by the piston during the suotlonprocess,and by
the heat interchangebetween the fresh aharge and the re-
sidual gas. The last of these quantitiesmay be estimated
by imaginingthat the ~esidualgas iS left separatedfrom
the fresh charge by an insulatingmembraneuntil after the
point c so that the pressure of the reeidualgas Is al-
ways the same as the pressure of the remainder,of the
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*

b

cylinder“contentsand the iesidualgas *S‘underadiabatic
conditions. The usual laws of perfect gases are assumed
to hold because of the relativelylow temperaturesin-
volved in the induction process. With these assumptions
equation (5) may be rewrittenas follows. (See apn.endix
II for derivation.) . ..

,.

T -Ti= Q
of +~

Cp(le+c f)M OPJ(l + f)M

.-
.. .

[

c
(Pcvc - [1pc+ Pdv

e’
.

+
cPJ(?+~{pc [1” (#j+& [1 ‘(%~~(’a)

The right-handside of equation.(5”a”)“now_consists of
three terms, the first of which gives the changein tem-
perature of the fresh charge due to heat transfer. If
P= = Pe, the third term is zero and the-second,term rep-
resents the change in temperatureof th”efresh charge due
to work done on it by the-pistonand by the gas remaining
in the inlet manifold. The bracketedpart of the second
term of equation (5a) is also equal to the shadedwork
area shown on the light-springindicatorcards in figur~es
9(a) and 9(b). lt is thereforeposiible to make a rapid
estimateof the rise in temperaturedue t~ work done while
drawing the charge“~hioU&hthe ,resistanceof’the inlet
valve, provided that “P~= Pe~ Even “if”F’=,,isnot exact-
LY equal to.“Pe, the,thirdterm in eq~ation””(5a)is small;. .
in fact, it’’:wasfound to be negligible“fo~the cases herein
investigated..‘ .,. .--

,. --:-i.’” .: ..”. .
The effect of mixing of””residua~gas and fresh-charge

is.analyzedin reference1: “ The ari”alysis”in “thisrefer-
ence showed that,“fora compressi”ofiratio of 6:5, the mix-
ing of the fresh charge with”the residualsde”c”reasedth”e
volumetricefficiencyabou~t1.5 percent. It is therefore
roughly equivalentto heating
amount, or about 10° F. “

Determination

th~ fresh charge by thi-s
,’ .”-._-._=:

—

of Point c
., ,,

.The point c. shouldbe taken after clostngof-the -
i.nle’tvalve in order for equations (5) and (5a) to be
valid. On the other hand, if the point c is taken some .-

..
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distanceup the compressioncurve, the second,term of
equation (5a)will includesome work of compression.aswell
as the work done while drawing in the charge. :Thisdif-
ficultywas so”lvedby measuringthe pressure of the charge
at severalpoints along the oompre.ssionline and assuming
reexpansionof the charge to the cylindervolume at bot-
tom center. The resultingpressureswere averagedto give
a hypotheticalpressure Pc that, with the cylindervol-
ume at bottom center and a known weight of charge,deter-
mined the conditionsat”point c.”

Value .ofTemperatureRise Attributableto Flow Resistance.

Measurementof the shaded area of the diagramsof
figures 9(a) and 9(b) indicatedthst the temperaturerise
attributableto flow resistancein the inlet valve WRS
260 F at”1500rpm and 120 F at 1000 rpm. The rapid in-
crease in temperaturerise with engine speed is to be ex-
pected; the i?b”s”ultindicatesthat the rise ii temperature
attributablet;tiflow resist”anc’eis a much more impcrtant
factor at high piston speed than at low piston”speeds an’d
may be to a considerableextent res~onsiblefor”the fall-
ing off of indicatedmean e!Ff&ctive”pressure at high pis-
ton speeds. . ..’

,.. f ....*‘1.‘: .,,
HeatTransfer to Chargebefore”Inlet Valve Opening

If the total heat gained by transfer and work of com-
pression is subtractedfrom the total heat picked up.by
the charge, the result is a..measure,ofthe unaccounted-
‘forheat picked up while the char~e is‘beh!nd“theclosed
valve and after it’has entered the’cylinder. While the
charge is at rest in the inlet pipe, a part of the chargti
is in a regionwhere the wall temperatureis high. If it
is assumedthat a“sectionof the air in the inlet pipe (3
in. out of a total.of 37 in. oceupledby the charge) at-
tains the.averagetemperatureof the seat and the valve”
before the inlet valve opens while the remainderis at
inlet temperature,.heatso computedii”about equal to the
differencebetweeh the total heat And that aacountedfor
elsewhere. This Illustrationgives-anidea of the possi-
ble contributionto the total heat transferfrom this
source.

#

t

.

An upper limit for the sum of the temperature~i~e
due to flow resistanceand that due to,traneferafter the.

n
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-chargehas entered the cylindercan be obtainedby extra-
polating the value of volumetricefficiencyin figure 7
to an averagevalve-and-seattemperatureequal“tothe-izi-
let temperatureand insertingthis“%aluein equation (4).
These limits have been established.as 51° F and 57° F at
1500 rpm and 1000 rpm$ respectively .
. . .:”,

.-c.
Importanceof Low ValPe-and-SeatTemperatures .

,, .-... . ●

From experiencewith many engin~s,,it is.foundth’at
a 10o F-change in inlet temperatureresults in a change
in air capacitythat..i.ndic’atesth-at:th%~Cliak’g&”%emp”erature
is changedonly 5P .F..<This fact iw”tk~:”reas’bn:for:%he
success.of”.the.~qu.a.re-rootrule:Ln bo:r’$e=ct”ihgind%:c”k”t”ed
horsepowe.r~as explainedin r6fareiice.6a:)‘T.h&’resul~k Of
the present investigation show thatk,5°”@;d-ekl?ease”’of
charge temperaturecan he obtainedby loweringthe average
islet valve-and-seat-tempera%ure”45°’F,Rbth&oek and
Biermafinshow “(reYerenCe”7)that a.de&reas6~bf!10°’F-in “
inl’~t”’.tempe;rtitu.fiepermiti”an”increake“ofldl’&t-”p$G”ss&Z&-r
t~::~%tain’~n.,ih~r’easein’indic’dted”m~&ti~6ffk6$fpe’p~e”stiure
OS about 3.2 percent,“keeplqg%he-tend6tid~-%d-~et~h&%6:.
constant. A decrease in averagevalve-and-se?ttem?era-
ture.of.45°’F,which resuLts in th~”iam~:igdiict~on-in
charge ternperattir~“a~a 10° ~,re~u~tf-onin-~fi~ett&rnpe~a-
ture, should give the same p~rmi’ssible~n~reasein mean.’;
effectivepressure. Thus a 10° F reductionin inlet
valve-and-seattemperatureshould permit an“increaseof ‘-”
approximately0.7 percent in Indicatedhorsepower without
increasingthe tend6ncyto detonate.

CONCLUSIONS ‘
.

1. In reference.1it was noted that the pressure in
the cylinderat the end .ofthe suctionstroke was practi-
cally the same as “thep~”essurein the ma’nifold;hence the
volumetricdeficiency,that is, the differencebetween the
volumetricefficiencyand un”ity,could only be due to a
rise in temperatureof the charge. The indicatordiagrams
of the present report (figs.9(a) and 9(b)) confirm the
hypothesisof-reference1, that under the conditionsof
operationin this report and in reference“1 the volumetrj-.c
deficiencycan be completelyexplainedby the rise in tem-
perature of the charge due to heat transfer and due to
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work done in foroing the oharge throughthe inlet system.

2. Reducing the flow resistanceof the inlet valve
may be expectedto.reduce the charge‘temperatureby de-
creasingthe amount af work done in forcing the charge
through the valve. Sinaeheat transferis olosely re- ~
lated to friction,it is probablethat a reductionin re-
sistancewill also reduce the heat transferat this point.
Since turbulencein the”,cylinderwill also be reduoed,it
is not clear whether the detonationtendencywill be re-
duced or increasedby decreasi~ inlet-valveresistance.

,,. ,
3. Inlet-valvetemperaturesunder engj.neoperating

conditionsranged from.642° 3’without inlet-valve‘and
seat oooling to 4220 F with full inlet-valveand seat ‘
Ooolia,g,at1500 rp.m. At 1000 rpm the averagetemperature
wa8 from.620° 3’to z930 N. .

‘.
4. The.,totialrise in temperature of the charge be-

tween the inlet tank and the cylinderafter the.inlet
valve was clo,sedwas 81° .3’for 1500.r.pmand 104° F for
1000 rpm under.no,rmalfu~l”-th?ottle.o eraW% conditions

T(withoutinle,t-vdve,and seat Cooing.,.:’ ; . .
.. .. ... . . .. ..

5. With t’hie.,”parti:cula,r”cy,li~der”the volume~rioOf-
fiai,encyexprgeskd‘in.pert.entageyin. be,lngre,asedby
0.10 percent for,each 10°’R’drop in the averagetempera-
ture of the j.nletvalve,and’se&t at1500 .rprnand 0.15 per-
eent at,1000rpm,” . ~. ......—-.- ,,

6: &he temperaturerise,of,the charge vnder normal
operatingconditionsdue to he”attransferfrom the inlet-
valve and seat to the flowing chargewas 34° 1’at 1500
rpm or 42 peroent of the,,to~a>.~ie,e,At 1000 rpm the
rise was 36° I?twhich was 35 percent of the total rise,

?. The temperature.r~se.under.normalo~rating con-
ditions resultingfrompr~ssur~ drop:throughthe inlet
valve was 26° F at 1500.rpmand 12° Fat ZOOO rpm.

“’8. The,unaccounted-fortemperaturerise under nor-
Includingthe temperaturerisemal operatingoopditions~

of the charge during the time j.tlies behind the closed
intake valve and the r~se after the charge 3.sin the cyl-
inder,was 20° E’at 1500 rpm and 56° F at 1000 rpm.

.

1

.
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9. Each 10° F reductio”n:”in‘tfi&average temperature
of the inlet valve and seat will allow openingthe throttle
tO obtain approximately0a.7.-per~entincrease in indicated
power with constant tendenoyto detonate.

MassachusettsInstituteof Technology, —
Cambridge,Mass., September10, 1941.

..

. ‘ . . .-.. ,

.- .

. . ...- -.4-..,.

..
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A2PENDI’XI

COMPUTATIONOF TEMPERATURE-RISERATIO

In the flow model the rate at which heat is trans-
ferred to the working fluid is

,’., ..
SL$L
dt = Aat W C =@ Altwcp

P
(1)

The conditionsin the flow model are similarto those
of the case consideredin reference6 (pp. 228-132)that
is, the surfacesof the port and the inlet valve are at a
substantiallyuniform temperature. The analysisof this
referencethereforeapplies,and there may he written

(2)

where the undefined symbolshave the followingsignificance:

velocity of working fluid throughinlet valve and port

viscosityof working fluid

characteristicdimensionof inlet valve and port

an exponentdependingon shape and orientationof
inlet valve and port and subjectto experimental
evaluation

a nondimensionalconstant

Combiningequations (1) and (2) and solving for Q

() n-l
K2 (pU)n ~ la

Q= w

gives

(3)

i

●

Now

(4)

4
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where Ka, is.a”constant:dependingon the geometry of the
inlet‘aystiem. . . .. -,.... .. ‘,.., ;. :.’ -,---- ..—.

,.. i ,.r :,.’
Combining (3)’”a~d-(4): .... . .

,,
For fresh”mixtureand for air, respectively,

(5)

n-l
*m = KA (pmum

()
)n-1 ~

urn (6)
, ,.

n-i
@a = K4 (paua)

n-l
()

1
~ (7)

For the same ma6s r.~teof fIOW of fresh charge and air:

Pm”m = paua (8)

Combining (5), (6), and (7):

(9)

For a mixture of air and octane the viscositywill
be approximatelyproportionalto the sum of the molar
fractionsof the constituentviscosities(privatecommu-
nication from Prof. F. G. Keyes to Prof. E. S. Taylor),
that is:

‘a mf ‘a ‘f

the subscript f refers to the fuel and m is the mo-
lecular weight of a constituentof the mixture.
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Calculationof Mm made on the basis of equation”
(10)using the estimatedviscosityof octane 0.000100
poise (communicationfrom Prof. F. G. Keyes) and that of
air 0.000218poise gives at room temperaturethe value
Mm = 0.000215poise.

From the flow-modeldata the average value of n
was found to be 0,74.

Insertingthese’values in equation (9) gives the
relationship:

Om ‘ 0.997*a

r

.

n

,

.

r

1
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,.. .AP3V3NDIX.11 .,,
. .

DERIVATIONOF EQUATIONFOR Tc - Tf

23

Equation (5) as given in the text is:

c

(Mf + 14,)EC v MfHi - MrEr = -+ J
Pdv + Qec (5)

e

Rearranging:

Mr”-- C Qec
—(EC -“Er) + Ec - Hi = - +

J
Pdv + —

‘f f ‘f
e

M
M=

= f.
+ Mf

M= f—=
Mfl-f

Pcvc
EC,= IIC,-..J ,.

Oombiningequations (6), (8), and (9):

(6)

(7)

(8)

(9)

c

+( Ec-Er)+Hc-Hi=~- ~
J

QecPdv + ~ (lo)
1 JM~

e
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If the residualand fresh chargesare kept separatedby
a membrane:

Ec(Mf + Mr) = M Hr cr + ‘fHcf

Hence:

M=
Hc = —E ‘f ~

M= + Mf cr + Mf + Mr Cf

and from (5):

Mr
E. = ~f Pcvc

HMr + Mf cr Hcf - ~+ Mf + Mr

and from (7):

33== f(Hcr)+ (1 - f)Hcf - ~
J

E= = f(Hcr)+ (1 - f)Hcf

(11)

(12)

(13)

.

(14) *

(15)

Combining (10), (14), and (15):

f ‘fH
1.-f 1 cr 1+(l-f)Hcf-$ PcVc-Er + fHcr+ (l-f)Hcf-Hi

c“
L pcvc - L

‘J JMf J
PdV + ~

Mf
e

Rearranging(16):

(16)
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+(Hcr - E,)1 -(A++ ‘Cf ‘ ‘f

25

c
= $:PCVC - +

J
Pa.+& (17)

.. fe. .

Pcrvcr
Hcr = Ecr +. J

-+Ecr - x,)1 -(*)PCVC,-:C=;C=
,, . .

c

+Hcf-’ i

= ,+ PC’= . ~
f

Q

JMf Pdv + -&
e

(>8)

Ccm%ininglike terms e.pdallowingthat Pcr = P=:

Hc, - Hi

Pcrl 1
G

1 f
lff(E J

QeC
‘T z~c ‘~vcr ‘~ cr-Er)”* “JMf — (19)‘dv+ Mf

e

(Sum of partial Tolumes e“quals. tjotal volume, if r
Pc = Per)

. . . .

Combining (7), (8), ~d (20):

(21)
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sub f3titut ing (23!) in (19):

‘Cf

1-,
J [

(Pcvcf) 1Pdv - =---(Ecr
l-f

(22E=)+

term (22)byMultiplytngthe bracket in

HCf ‘i
1

JPdv Er) (23)~Mfvcf- +r

‘fvc (24Now” ‘c vorf

L

()?k_Q
Pc

‘cr–—-
‘er (

since Pcr Pc
(26and

and Per Pe

(23), (24),

[.
Pcv

en (25):

(
ever + ‘cver 1

combining

..
Hcf - Hi

~

Per
)? [

—.
Pc .

c

1Pdv-(&
= JMf c

--+(
1

Q*
‘f

(26Eor Er +

Frcm the a
residual;

,Ssu.mptionof adiabaticcond,itiona for the

.
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b

.
P

I
cr

xlcr - E= =+ Pdv =
per’” [(*y -11 ’27)~J(k- .1)

r Per “

L

.

v .,x!?&.
er M=

Combining (8), (26), (27), =d (28),and noting that
Por = Pc:

HCf -Hi=~
JMf [

(Pcvc
- “ver) -f’ ‘dvl

e

“=’[Pc(’-(*f)+%(’<%)y)l“ + J(l-f)

Q+x
Mf

(28)

(29)

Mf = (1 + f)M (30)

Combining (8), (28).,and (3o):
,.

.“

v l-f ker = f(l + f) M
(31)

combining (29), (30), and (31):
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[

o

Hcf - Hi = J(I i’f)M ‘pcv~ - pcver) .-‘J 1
Pdv

. . .

i. ..

Q’.
+

(1 +ecf)M
(32)

Now
,.

. .

HCf -Hi= (Tof - Ti) cp

where Taf is the temperature of the fresh charge at..
point c before mixing with the residualgas~ Also,
‘er is the clearancevolume +1.

Qe~ r c

Tcf -
+ opJ(:+f)Ml(PCVC - ‘cvl) -mPdv

e
‘i = cp(l+f)M

s

+ “ {pc[l.(+*]+~[l.(~)w]}(33,
cpJ(l+f)M

.
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TABLE II

COMPARISON03’RESULTS OF INTEGRATEDAND SHORT-METHOD
CALCULATIONSFOR THE HEAT Q TRANSFERRED13ROMTHE

INTAKE VALVE AND SEAT

Short method
Q= A2t IiaCp

(Btu )

0.0447

.0434

,.0372

.0367

,0219

*0281

. 0452

● 0424

Integration
Q= ~qt Aat Cp Percentage error

(Btu)

0.0442 1.1

.0432 .6

.0359 3.5

.0346 2.9

.0213 2.9

.0274 2.8

.0442 - 2.3

,0427 .6

—

.

.

#

,

,

*



.

la
l/16

I./s

3/16

U4

5/16

3/8

‘7/16

l/2
- 1/2

7/2.6
B/8
s/16

V4
3/16
l/8
1/16

SK-
@

1.6

2.0’

8

10

10

1.2

18

25
25

16

u
10
10

6
10
2
—
A*
!02
—

TableI
Jntematicm of the Heat, C, tiaz@ferred~om the Dateke-valveend Mat

G

).00267

.0CU67

.00134

.00167

.00167

.00201

,00301

.W417

.00417

.00267

.0023~

.00167

.00167

.Oolw

.00167

.000334

:AT =
0.0337

b.u)

0.25

.58

.73

.75

.75

.65

.68

l.~

2.05

2.05

1.70

l.m

.45

.78

.60

.15”

Lb/%c)

).0187
.0510

.oa~

.109

.125

.127

.I.30

.189

.222

.222

.205

.145

.0843

.0854

.0519

.0L48

o:)
).oocm.&9

.0000852

.000110

.000182

.@X209

.(!00255

.000391

.000788

.C4KQ26

.000593

.000480

.0002.42

.oool@

.mo854

.m267

.-9

%6
q=

o. 3

&b%ec)

0.0138

.0376

.0608

.0804

.0923

.0937

.0959

.3.39

.l’q

.164

.151

.107

.0622

.0630

.0383

.01C9

I

1

(1:’)
O.IXIO0368

.01XK1629

.0M081.5

.000I.34

.000154

.000188

.000289

.CKI0582

.m683

.00438

.0CQ354

.000179

.fx)ow

.oom630

.0000QO

.0000036

-z-
).366

.2$7

.173

.158

.2.51

.150

.U9

.U29

.I.I.9

.s19

.125

.U3

.172

.m

.245

.387

g—

225

225

225

225

225

225

225

225

225

225

225

225

225

225

225

225
—

—

22.4

55.6

38.9

35.6

34.0

33.8

33.5

29.0

26.8

26.8

28.1

32.2

38.7

38.5

55.1

87.1

.

~

3.00076

.00Q88

.00080

.00120

.MU32

.oo160

.ooq3

.00423

.00460

.00294

.0Q250

●W9

.00101

.00061

.00089

.00078

.
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31

32

33

34

3s

40

a

43

44

45

&

47

48

49

w

51

52

53

5.4
—

&-ix
m
1000

1000

llsca

lCWO

1000

1CH30

KNJO

1000

10CK3

10M

1500

1500

1500

I,500

1500

3.51M

Z5m

1500

2500

3.500

—

(%—
402

400

w

400

w

w

403.

402

.403

m
@o

@

.400

.@I

w

4’00

400

400
400

400
.

Table111
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1.140

.137

.13s

.237
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—
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428‘
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—
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—
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